Take-down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim.
Introduction
Nowadays, synthesis of new polymers is more and more application oriented. With the increasingly important role held by the polymer-original or purposely modified-surfaces, e.g. in bi-or multilayered or composite materials, it is understandable that new spectroscopies are being searched for to complete the arsenal of existing techniques. Infrared and Raman spectrocopies are probably the most routinely used methods to study polymer materials. With resolution comparable to natural linewidths, they are unbeatable to fingerprint polymers (and impurities), to study conformation, tacticity, or crystallinity of the materials; however these easy to use optical spectroscopies are per se bulk sensitive in their normal experimental setups. On the contrary, electron-and ioninduced spectroscopies are known to be surface sensitive; the attributes of X-ray photoelectron apectroscopy (XPS) and secondary ion mass Spectrometry (SIMS) are now well established (they will be summarized here), but still do not yet extend all the IRcapabilities to polymer surfaces.
HREELS (high-resolution electron energy loss spectroscopy) took about 20 years to be applied from adsorption studies to polymer surfaces.' This electron-induced vibrational spectroscopy has been-and still is-extremely useful in elucidating chemical reactions and reaction sites of adaorbed molecules on surfaces. Electron-induced vibrational fingerprints from polymer surfaces appeared only 5 years ago, because it is difficult to collect spectra from insulating materials, and interpretation of rather poorly resolved spectra of very complex molecules is not straightforward. Nevertheless, it has been very exciting and rewarding to launch a fundamental research program on the possibilities and drawbacks of what might become a new powerful experimental tool to study polymer surfaces. This is still along term project, but in the meantine, some key questions have already adressed, if not yet solved; let us mention a few reports on the initial concerns of HREELS,2 on the quantitative aspects of the spectroscopy,3 and on its application to study polymer-metal interactions4 and a recent comparison between the HREELS and SIMS/ISS techniques.6 This paper will largely refer to those data, going rapidly through the preliminaries, and focusing on one aspect of HREELS applied to polymer surfaces that appears as its most promising quality: the possibility to unravel the molecular structure of the extreme surface, i.e. to go beyond a chemical analysis and learn about the polymer chain configuration and the relative orientation of chemical groups at the interface with the outside world. However, some attention will be given to preliminaryresulta assessing the very high surface sensitivity-to the first 25 A below the surface-of electron-induced vibrational spectroscopy. Instrumentation Basically an ultrahigh vacuum external reflection spectroscopy (Figure l) , HREELS studies the backscattered part of a well-monochromatized low-energy electron beam that is used to probe the vibrational excitations from a material surface; it does not require any peculiar tool except very high performance electron energy analyzers. Indeed, a very low energy electron beam (between 1 and 10 eV), must be monochromatized and analyzed to achieve an intrinsic energy resolution that ranges-today-from 2 to 10 meV eV); as a comparison with optical spectroscopies, this corresponds to 16-80 cm-' (1 meV = 8.066 cm-' 1, what might be sufficient, as infrared or Raman spectra of polymers usually consist of peaks which vary in width from about 5 to 30 cm-'. However, a resolution below 10 meV is seldom achieved on polymer surfaces, because of roughness and poor reflectance from the samples and because of charging effects. It has been shown that polymers prepared as thin films on conducting substrates are workable samples, but there might remain transient and very local charges to perturb the electron probe beam. Table I Electron-induced vibrational analysis of a clean, cured polyimide film: spectrum a is the original row data, curve b is a FT-resolution enhanced curve, to be compared with spectrum c, the infrared absorption spectrum of the same polymer. are difficult to detect, because the associated vibrations are at low loss energy in a narrow energy range, very close to the elastic peak. As will be shown here, HREELS is still more surface sensitive than XPS (at normal exit angle); it is in fact quite common that a sample labeled 'clean" for this spectroscopy presents a very significant carbon and/or oxygen contamination in HREELS. As for the structural information to be gained on the extreme polymer surface (see the examples given in this paper) they are presently at the qualitative level; indeed, the excitation mechanisms of the molecular vibrations have not yet been exactly identified: without selection rules, intensity analph of vibrational bands rests on the use of spectra collected from reference material^.^ The potentialities of infrared and Raman analyses are well-known from the spectroecopista. Vibrational spectra excited by an electron beam should be as informative, either as soon as the experimental resolution is mdtered and improved or as soon as sensitive enough computer codes will allow a meaningful resolution-enhanced analysis. Progress in this direction is currently being made! and Figure 2 compares the HREELS spectnun of a clean, cured polyimide surface, together with dne computer analyzed spectrum, and an (absorption) infrared fingerprint of the same material. Clearly, the majority of the IR bands of interest are accessible to the electron-induced vibrational spectrum; noteworthy however is the fact that the relative band intensities cannot be transferred from the optical to the electronic spectra. This confirms that both spectroscopies do not obey the same selection rules. 
HREELS vs XPS and SIMS

HREELS Surface Sensitivity
The probed depth in organic materials by very low energy electrons is still an open q~e s t i o n .~~~ A sensitive way to solve the problem appears to study very thin organic layers, with a marker at a given controllable depth; the extinction of a signal versus depth should measure the surface sensitivity of the spectroscopy.
It has already been shown a few years ago that fatty acid layers (Langmuir-Blodgett (LB) films) presented no carboxyl stretch band around 1650 cm-l, when these (usually very IR intense) dipoles are located some 25 A below the extreme surface.'
In order to precisely define this figure, a program has been launched on the study of alternating normal and perdeuterated layers (sandwich structures) of poly(methy1 methacrylate).s These films can be prepared by the LB technique, with individual thickness of about 12 A. As an example-to be further analyzed*- Figure 3 compares four spectra collected respectively from a thick layer of pure deuterated PMMA (please note the absence of u(C-H) signal just below 370 meV; the broad peak at 410 meV is a combination band from the 140-meV peak and of the 270-meV C-D stretch) and then for a fully deuterated layer covered with one, two, and three normal LB-PMMA films. The attenuation of the v(C-D) stretch signal at 270 meV is very clear; without waiting for a detailed analysis of the resulb? where electron impact energy and scattering geometry will have to be taken into account, it is already possible to safely bracket the total R. In preparation. Molecular Structure of Polymer Surfaces The four seb of data presented here have already been published separately in some similar format (full references will be cited in due time). The purpose of this presentation is to juxtapose individual cases and let them converge to a unique conclusion. HREELS is capable of retrieving some useful information on the molecular structure at the extreme surface of polymers.
(1) Chain Ends Segregation at Surfaces. One of the first HREELS spectra recorded from the "simplest" polymer, polyethylene, was very surpri~ing.~ Besides the relatively large number of bands (or shoulders, due to the poor energy resolution of the electron spectrum), their intensities were striking (Figure 4) . Focusing particularly on the deformation bands between 1300 and 1500 cm-l, it is known that polyethylene is optically fingerprinted by an intense b(CH2) bending mode at 1440 cm-l and a very weak y(CH2) wagging band at 1370 cm-l.l0 The electroninduced vibrational spectrum of polyethylene on the contrary presents an intense band at 1370 cm-l (Figure 4) . The literature shows the infrared spectrum of polyprolylene also has a strong peak at 1378 cm-l-in fact, as strong as the b(CH2) at 1440 cm-'-which is assigned to the b(CH3) bendingvibration. Without knowing anymechanism that could enhance a yw(CH2) mode in the electron spectrum of polyethylene and supposing that a b(CH2) or b(CH3) band would have about the same excitation probability, it is therefore tempting to attribute this band to the methyl groups of polyethylene. As the studied material is a high molecular weight, high density, crystalline polyethylene where branching should be very low, the relative number of -CH3 end groups are largely outnumbered by the -CHr skeleton units. Knowing the extreme surface sensitivity of HREELS, one could suggest that the intense G(CH3) band at 1370 cm-l on the electron spectrum corresponds to chain ends of polyethylene, terminating preferentially on the surface. The driving force to push the chain ends to segregate at room temperature preferentially at the surface might be their lower surface energy. To be convinced of the effect, in Figure  6 (to be discussed later on), one can compare the relative intensities of the G(CH2) and G(CH3) bands recorded from PMMA surfaces.
(2) Chain Segregation at Surfaces. There are now numerous examples of surface segregation in blends of miscible polymers. Electron-induced vibrational spectroscopy has also contributed into this very exciting field of research." Indeed, physical mixtures of normal and perdeuterated polystyrene solutions of the same average molecular weight (MW = 40 Om), mixed with different molar ratios were used to cast thin films to be studied by HREELS. The electron spectra produced intensity ratios of the u(C-H) and v(C-D) stretch bands, proving a net surface enrichment in deuterium (Figure 51 , for low deuterated species concentrations; Fourier transform infrared (FT-IR) spectra attested to the correct composition of the solutions, showing a linear relationship between the band intensities and the inverse of deuterium molar fraction.
The origin, the driving force (probably related to a difference in surface energy), and the dynamics of this selective diffusion are worthwhile to study. Similar experiments using polymers with higher molecular weights, and with mixtures of polymers with different molecular weights, are underway. Is this effect genuine? Is it caused by the film casting, by the air-drying, or by the ultrahigh vacuum (UHV) environment? Surprising results were recorded with the same polystyrene films (inset of Figure  5 ): the v(C-H) and v(C-D) intensity ratios were seen to evolve with time; this was in UHV, under the low-energy electron beam (intensity = lo-" A), for a sample temperature probably around 30 OC. Samples containing more deuterium were much less affected than the sample (1/ XD = 8) shown on the inset; the continuous monitoring of its &/AD ratio showed it evolving from 4.0 to 6.0 in less than 2 h-this last number is still significantly less than the nominal bulk concentration of the solution. The quite rapid variation of the hydrogen/deuterium ratio might perhaps be used to learn about the dynamics of the selective diffusion of deuterated material to (back from) the surface, unless we are just monitoring a progressive hydrocarbon contamination on the surface of the polymer film. A rapid evaluation, neglecting probed depth effect, of this extra hydrocarbon content would suggest that the surface is contaminated at 30%, after 2 h, in UHV (ion pumps, operating pressure around 2 X 10-lO Torr); this supposes a contamination sticking coefficient on the polymer surface close to one, suggesting that this polymer surface would be as reactive as a clean single-crystal metal surface. Such an effect cannot be completely ruled out for the moment, except that Figure 3 (bottom) presents a counterexample of such a possible contamination; a perdeuterated PMMA LB-layer showed no hydrogen contamination after a similar analysis time.
Further studies are therefore mandatory to clarify this issue. But all the data discussed above are undoubtedly arguing in favor of the extreme surface sensitivity of the electron-induced vibrational spectroscopy. (3) Polymer Surface Tacticity. Tacticity-the orderly placement of side groups on the polymer skeleton-can physically distinguish chemically identical polymers. The predictable relative orientation of chemical groups for tacticity-different polymers has already been shown to extend up to the extreme surface of the materials. XPS valence band studies,1z more recently low-energy ion scattering spectroscopy (ISS),'s and a combination of XPS and static SIMS results14 have evidenced such effects.
Staying at the fingerprinting level, as it is presently premature to try to quantify the observations, HREELS spectra have undoubtedly shown that atactic and isotactic polystyrene films were presenting on their surface, Le. within the depth probed by the technique, a different amount of v(C-H) aromatic signal; this suggests a relative enrichment of phenyl groups on the surface of the isotactic material.16
In the same type of analysis, Figure 6 compares the electron-induced vibrational spectra of two PMMA layers, an isotactic (bottom) and a syndiotactic one (top); without going into the detail of a complete interpretation of all the recorded vibrational bands, it is clear that, at the fingerprinting level, the two polymer surfaces are easily distinguished. For a similarly intense carboxyl stretch band (around 1700 cm-l), the v(C-H) stretch is significantly reduced for the syndiotactic PMMA, with a concomitant reduction of the vibrational intensity at about 1400 cm-l; we know that this spectral region is a combination of 6-(CH3) and S(CH2) deformation bands. We have therefore a consistent scheme suggesting a larger C=O/CH, ratio on the syndiotactic polymer surface. Again, it is not possible at the moment to go to the quantitative level. Even so, a qualitative picture should be considered with great care, because other effects might have to be taken into account. Indeed-this is just an example to be discussed further in another paper-we have experimental evidence that the crystalline or amorphous state of the surface is reflected in the electroninduced vibrational spectra; e.g. the same crystalline isotactic PMMA layer is presenting a very different v-(C-H) band intensity, depending on the orientation of the polymer chain versus the electron scattering plane.
(4) Molecular Reorientation during Polymer Metalization. For the study of the adsorption of small molecules on well-ordered and clean single crystalline metal surfaces, HREELS is known to be capable of disclosing adsorption site plus symmetry, and molecule orientation, through the collection of angular resolved loss spectra. A similar data analysis procedure has been attempted for a clean film of cured, crystalline polyimide (PMDA-ODA type). Surprisingly, for such a complicated macromolecule, an average statistical order was disclosed (Figure 7a ): when collecting the v(C=O) and v(C-H) stretch band intensities at different angles measured from the normal to the sample surface, a preferential relative orientation of those groups is deduced, differentiating the ODA and PMDA planes of the monomeric unit. (It is presently very difficult to quantify precisely this observation, as the excitation mechanisms of the two v(C=O) 
